Introduction {#sec1-1}
============

Breast cancer is the leading cause of cancer-related death in nonsmoking women and is also the most common form of cancer in women worldwide. In 2016, approximately a quarter million new cases of breast cancer were diagnosed in women with an estimated forty thousand deaths expected from those cases (Siegel et al., 2016). Yet, the rates of survival in patients initially diagnosed with metastatic breast cancer have improved by six months in the past twenty years due to the advancing methods of targeted therapies supplementing standard chemotherapy (Mendes et al., 2015). Furthermore, treatment has evolved to focus on more specific tumor targets. Tumor antigens used in breast cancer immunotherapy are over expressed or mutated in these target cells. The antigens targeted for breast cancer treatment are involved in the growth and the signaling for differentiation: epidermal growth factor receptors EGFR or ERBB1, ERBB2 or HER2, and ERBB3. However, chemotherapy, either combined or as a monotherapy of HER2-targeted monoclonal antibody therapy is thought to be nonreceptive in tumor cells with the PIK3CA gene mutations (De Stefano and Carlomagno, 2014). The data from clinical trials confirm that the efficacy of mAbs in the treatment of breast cancer has significantly improved the disease-free survival and overall survival in patients with PIK3CA WT breast cancer with an improvement in response rates (Perez et al., 2007; Majewski et al., 2015). The E545K mutation results in an amino acid substitution within a highly conserved helical domain; and the mutant PIK3CA proteins have increased catalytic activity resulting in enhanced downstream signaling and oncogenic transformation in vitro (Kang et al., 2005). PIK3CA mutations are identified in 23% of HER2-positive breast tumors and is among the most commonly mutated oncogene in breast cancer (Pogue-Geile et al., 2015).

Trastuzumab is a humanized IgG (1) kappa monoclonal antibody that is directed against the extracellular domain of HER2 and is indicated for the treatment of HER2-positive metastatic breast cancer (Singh et al., 2014). It has been proven that ER- and HER2-related genes have predictive signature for the degree of benefit from trastuzumab (Pogue-Geile et al., 2013). HER2, a transmembrane receptor with tyrosine kinase on chromosome 17, displays cancer causing characteristics upon amplification or over expression. This character of the gene's function is responsible for an estimated 20% of invasive breast cancers testing HER2 positive (Iqbal and Iqbal, 2014). Trastuzumab is known to induce a significant antibody-dependent cell-mediated cytotoxicity (ADCC) response in HER-2-amplified MDA-MB-231, and HER-2 non-amplified cell lines MCF-7 and MDA-MB-361 with low levels of detectable HER-2, whereas trastuzumab was not found to induce ADCC in MDA-MB-468, which has very low levels of HER-2 (Subik et al., 2010; Voutsas et al., 2013). The mechanisms of action for trastuzumab have been proposed including: PI3K/Akt and MAPK signaling inhibition, antibody-dependent cell-mediated cytotoxicity exerted by the immune system, prevention of HER2 cleavage by matrix metalloproteinases, and angiogenesis inhibition (De et al., 2013; Griner et al., 2013; Barok et al., 2014). Yet, the exact in vivo mechanism of action of trastuzumab remains a mystery, given the direct effect it has on the ERBB2 signaling pathway and the indirect contributions to the immune system by eliciting ADCC (Yan et al., 2008). Nonetheless, the use of trastuzumab in treatment does lead to an improved prognosis in breast cancer patients with HER-2 positive tumors (Joensuu et al., 2014; Vu et al., 2014; Kawajiri et al., 2015; Yu et al., 2015). Not all patients respond to treatment, and therefore do not benefit from the therapy (Berns et al., 2016; Li et al., 2016; Nunes et al., 2016; Ozkavruk Eliyatkin et al., 2016). The possible cause of this failure may be due to alterations in one or more of the several molecular pathways regulating HER2 function resulting in the trastuzumab resistance. The EGFR stimulation pathway involving K-RAS and BRAF genes may also be points of interest when considering the failure of trastuzumab as a treatment. Mutations in these genes are important to take note of, especially during the treatment of patients with other cancers, such as in melanoma and colorectal cancer.

The effect these genes have on the development and progression of breast cancer has been investigated using in vitro studies (Boriack-Sjodin et al., 1995) and in the clinical setting (Esteva et al., 2010; Banerji et al., 2012; Shah et al., 2012; Kim et al., 2013). These studies focused on patients with triple negative breast tumors. From the information gathered during these studies, further elucidation is needed to determine if mutations in PIK3CA, KRAS, and BRAF affects the therapeutic effect of trastuzumab. As a result, the purpose of this investigation is to evaluate the frequencies of mutations in PIK3CA, KRAS and BRAF genes in breast cancer cell lines and determine whether the given mutations are truly critical to the therapeutic effectiveness of trastuzumab.

Materials and Methods {#sec1-2}
=====================

Cell Lines and Reagents {#sec2-1}
-----------------------

MDA-MB-231 (BRAF, c.1391G\>T, p.G464V; KRAS, c.38G\>A p.G13D), MCF-7 (PIK3CA, c.1633G\>A, p.E545K), MDA-MB-361 (PIK3CA, c.1633G\>A p.E545K) and MDA-MB-453 (BRAF, KRAS and PIK3CA wild type) were purchased from the National Centre for Cell Science (NCCS, Pune, India). The cell lines were routinely cultured in 75-mL tissue culture flasks (Nunc Thermofisher Scientific) in RPMI 1640 medium supplemented with 10% heat inactivated fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin (all from Sigma, USA) at 37°C and 5% CO~2~, according to the protocol provided by NCCS. All cell lines were tested for Mycoplasma detection by the Sigma LookOut Mycoplasma PCR Detection Kit (MP0035).

Monoclonal Antibodies {#sec2-2}
---------------------

Trastuzumab (CANMAb; Biocon, India) was purchased from the local hospital pharmacy and dissolved in sterile water at a stock concentration of 20 mg/mL. The cells were treated in triplicate with Trastuzumab at concentrations of 0.5--10 g per well, to determine the optimal concentrations for the proliferation assay.

Cell Proliferation and Antibody Optimization {#sec2-3}
--------------------------------------------

A MTS cell proliferation assay was performed in triplicate over a period of 72 hours using a CellTiter 96 Aqueous nonradioactive cell-proliferation assay kit (Promega) to determine the resistance and sensitivity of the breast cancer lines to the monoclonal antibodies. Cells were seeded at a density of 5 × 10^3^ cells/mL in a total volume of 100 μL medium into 96-well plates and maintained at 5% CO~2~ humidified atmosphere at 37°C for 24 hours. Trastuzumab was added to the cells in triplicate in concentrations of 0.5--10 μg to determine the optimal concentrations for the proliferation assay. A negative control experiment was carried out in parallel with 10 μg of monoclonal mouse IgG1 or IgG2A isotype control antibody on the plate. Following incubation of cells for 72 hour in a CO~2~ incubator at 5% CO2, 37°C, a 20 μl of MTS/PMS solution was added to each well and incubated for further 2 hours. Absorbance was measured immediately in a plate reader at 490 nm. Proliferation was recorded as a percentage of that obtained for the isotype control antibody-treated cells (100%).

Statistical Analysis {#sec2-4}
--------------------

All statistics were performed through Graphpad Prism 6 software. For the statistical analysis of the cell culture studies the T-test was applied with a p value of \< 0.05 considered to be significant.

Results {#sec1-3}
=======

Optimization of Antibody Concentrations {#sec2-5}
---------------------------------------

Cells were seeded at a density of 5 × 10^3^ cells/mL with a total volume of 100 μL medium into each well. The cell lines were then treated with amounts of trastuzumab varying from 0.5 μg to 10 μg. A trastuzumab concentration of 7 μg per well was found to be the optimal treatment concentration to provide the maximum inhibition of all breast cancer cell lines ([Figure 1](#F1){ref-type="fig"})

![Proliferation Assay of Breast Cancer Cells treated with Trastuzumab](APJCP-18-2209-g001){#F1}

Correlation Between PIK3CA Status and Responsiveness to Trastuzumab Treatment {#sec2-6}
-----------------------------------------------------------------------------

The isotope control had 100% proliferation after being treated with trastuzumab. The proliferation rate of the PIK3CA mutated cells lines, MCF-7 and MDA-MB-361, were 57.86% and 62.36% respectively relative to the isotype control. MDA-MB-231, the BRAF and KRAS mutations cell line, had a proliferation rate of 84.36% (p=\<0.001). The cell line with the least amount of the proliferation rate was MDA-MB-453 (PIK3CA, BRAF and KRAS WT) with a proliferation rate of 31.7% (p = 0.002). ([Figure 2](#F2){ref-type="fig"}) Therefore, it can be determined from the established data that the cell lines with the least sensitivity to the trastuzumab treatment was MDA-MB-231, then MDA-MB-361, and MCF-7. The cell line most sensitive to trastuzumab is MDA-MB-453, the PIK3CA, BRAF and KRAS wild type.
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Discussion {#sec1-4}
==========

In this study, several breast cancer cell lines with BRAF, KRAS and PIK3CA mutations were used to evaluate the in vitro effect of trastuzumab. MDA-MB-231 cell lines with BRAF and KRAS mutations showed resistance to the anti-HER2 mAb trastuzumab. They had the highest proliferation rate compared to the other cell lines with PIK3CA mutations (MCF-7 and MDA-MB-361) and PIK3CA wild type cells (MDA-MB453). Trastuzumab responded intermediately in cell lines with the PIK3CA mutation. The rate of proliferation decreased inversely to an increase in the Trastuzumab dosage which indicates dose-response activity. Yet, in comparison when the antibody was used against the PIK3CA wildtype cell line MDA-MB-453, it showed the lowest proliferation rate with the highest response to trastuzumab. The relative benefit of the addition of HER-2 targeted therapy is proposed to be similar in first-line docetaxel, trastuzumab, pertuzumab, first or second-line chemotherapy, and lapatinib in advanced cancer. Yet, PIK3CA mutations are associated with a shorter, progression-free survival. Interestingly, PIK3CA-mutant and wild-type tumors results in a similar overall response rate and progression-free survival when treated with trastuzumab-emtansine or second or third-line treatment. Therefore, the status of PIK3CA could be clinically useful for treatment selection in an advanced cancer.

A variety of active HER2-targeted treatment choices are currently under clinical trials. Previously, clinical trials were carried out for the treatment of HER2+ advanced or metastatic breast cancer using PI3K pathway inhibitors with trastuzumab (Rexer and Arteaga, 2013). Intriguingly, the combination was well tolerated. Of the patients treated, there were 17% partial responses and 58% of patients with stable disease suggesting clinical activity (Saura et al., 2014). A phase 2 study of this combination is currently underway. Preclinical data demonstrated that the dual targeting of HER2 and PIK3 pathways are more effective than individual targeting of these pathways in HER2-positive breast cancer because the mutations in PIK3CA uncouples HER2 and PI3K signaling which renders resistance to HER2-targeted trastuzumab (Rexer et al., 2014). This could possibly explain the lower proliferative capacity of the PIK3CA mutated cell lines in our study, which exhibited definite resistance to trastuzumab when compared with the BRAF and KRAS mutated cell lines. It has been repeatedly recognized that HER2 mediates cross-talk between the PI3K-AKT-mTOR pathway. Alterations in the PI3K/AKT/mTOR pathway can take the form of HER2 amplification, loss of tumor suppressor PTEN, mutations in AKT, and other aberrations (Serra et al., 2011). Furthermore, the study emphasized the need for combined inhibition of HER2 and PIK3CA pathway to inactivate both pathway end points (Davis et al., 2014). This variability in the HER2 targeted mAb therapy in cell lines and their response to the HER2 inhibition in tumor cells, depending on the particular PIK3CA mutation, explains the discrepant growth inhibition. HER2 and the PI3K/PTEN/Akt/mTORC1 pathways, which are associated with breast cancer, are important for the classification and prognosis of breast cancer in patients. Both HER2 and PIK3CA are abnormally expressed or mutated in many cases of breast cancer. Therefore, targeting these genes through the drug therapy may prove to be effective therapeutically. Any novel or reported mutations, or change in expression of the components of these pathways provide essential information related to the targeted therapy of trastuzumab.

From our preclinical breast cancer cell line model, we observed differences in the responses to trastuzumab treatments depending on the particular PIK3CA mutations treated. MDA-MB-231 cells containing BRAF and KRAS mutations displayed resistance to treatment with trastuzumab whereas PIK3CA cell lines displayed immediate reaction to both treatments, compared to MDA-MB-453 cell lines which are PIK3CA wildtype. Nonetheless, further data is needed to fully unmask the role of PIK3CA mutations for trastuzumab-based treatment. An in vitro study reported that PIK3CA mutations may not be shown to be resistance markers to trastuzumab in NSBAP B-3. Patients (n = 672) who received any trastuzumab-based treatment, regardless of concomitant chemotherapy, showed a statistically significant longer overall survival and progression-free survival in those with PIK3CA mutations (Pernas Simon, 2014). However, the nonresistance should not be understood as contraindication to the clinical development of PI3K pathway inhibitors in HER2-positive breast cancer. Knockout experiments in breast cell lines with HER2-amplified genes indicated a PIK3CA mutation or PTEN loss which indicates the potential mechanism for trastuzumab resistance (Berns et al., 2007). These findings were supported in a recent systematic study in which HER2-positive cancer cells were treated with combining trastuzumab with a PIK3CA inhibitor. An additive effect was observed which suggests some signaling through multiple pathways on PI3K(PIK3CA, AKT, mTOR) (Cancer Genome Atlas, 2012). Further studies and clinical trials can continue to determine if PIK3CA mutations may be useful biomarkers used to predict responses to treatments. Recently, the CLEOPATRA clinical trial suggested that combinations of PI3K inhibitors were superior to lone treatments of trastuzumab. Also, there were less benefits for tumors with PIK3CA mutations in comparison to those containing the wild-type gene (Baselga et al., 2014). A clinical phase II trial (GeparOcto) is underway (NCT02311344) to analyze the molecular response in breast cancer HER2+/HR+ patients using pertuzumab-trastuzumab therapy alone or coupled with Letrozole, a non-steroidal aromatase inhibitor in relation to the PIK3CA mutations (Baselga et al., 2010). All of this research, we hope, will result in the development of an extremely personalized approach to the treatment of these breast cancers making use of trastuzumab therapies as well as additional targeted therapies. Due to these types of clinical trials and studies, we will soon be able to employ an arsenal of treatments for PIKA3CA mutated breast cancers improving the survival rates of breast cancer as a whole.
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